ABSTRACT Mitochondria from the S male-sterile cytoplasm (cnw-S) of maize contain two plasmid-like DNAs, S-i and s-2, that appear to be prominently involved with the cytoplasmic male sterility trait. The complete nucleotide sequence of the S-2 DNA molecule was determined by the chain termination method. The linear s-2 DNA molecule contains 5,452 base pairs and is terminated by exact 208-base-pair inverted repetitions. Two large open reading frames were identified in the S-2 DNA, suggesting the possibility of protein-encoding genes. The nucleotide sequence of the S-2 termini are discussed with regard to models proposed for the replication of linear DNA molecules.
In the S cytoplasm of maize, mitochondria contain plasmid-like DNAs that are distinct from the usual mtDNAs (1) . These unusual DNAs, designated S-I and S-2, are uniquely associated with the S type of cytoplasmic male sterility (cms-S). The S group, which includes about 20 members, is characteristically restored to pollen fertility by the nuclear gene, Rf3, located on chromosome 2 (2) . The S-1 and S-2 DNAs are 6.4 and 5.4 kilobases (kb) long, respectively, and are commonly isolated as doublestranded linear DNA molecules with defined ends. The molecules are structurally unique in that they contain terminal inverted repeats of about 0.2 kb. Normally, S-1 and S-2 are present in equimolar quantities but are about 5-fold more abundant than the mtDNA. However, it is known that nuclear background affects the content of S-1 and S-2 (2) . Although the informational content of these DNAs is unknown, it is interesting that sequences homologous with S-1 and S-2 are found integrated into the mtDNAs of all maize cytoplasms (3, 4) .
Additional plasmid-like DNAs were discovered among 12 male-fertile Latin American races of maize that are distinguishable from those of cms-S (5) . These DNA species, called R-1 and R-2, are 7.4 and 5.4 kb long. Like the S plasmids, the R plasmids are isolated as double-stranded linear DNAs that are terminated by 0.2-kb inverted repeats. The R and S plasmidlike DNAs have substantial sequence homology even though R-1 contains about 2 kb of sequence not found in S plasmids. This fact has led to speculation that S-1 may have arisen by a recombination event between R-1 and R-2 (6) .
In the S male-sterile cytoplasm, spontaneous mutations to pollen fertility occur, sometimes at unusually high frequencies (2, 7) . Most often the male-fertile revertants are due to cytoplasmic changes, which are maternally transmitted to subsequent generations. In these newly arisen revertant strains, free forms of S-1 and S-2 are no longer found, and rearrangements are observed that often involve sequences homologous with the S elements (8) . Based upon these findings, it was suggested that S-1 or S-2 DNA or both may carry factors responsible for male
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In this report, we present the nucleotide sequence of the S-2 DNA molecule.
MATERIALS AND METHODS
S-2 DNA was obtained from maize strains carrying the S (U.S.
Department of Agriculture) maize cytoplasm, designated cms-S. mtDNA was isolated from dark-grown seedlings as described (9) . S-2 DNA was fractionated by electrophoresis on 0.9% agarose gels and purified by electroelution (10 (Fig.  1) . Sequences of both strands were determined from positions 1 through 5,378. The remaining sequence, 5,379-5,452, was determined from the same strand of several independent clones. In most instances, the sequence was further verified by overlapping clones.
The S-2 DNA molecule contains 5,452 base pairs (Fig. 2 ) and the strand shown has a base composition of 33.2% adenine, 17 .3% cytosine, 20.2% guanine, and 29.3% thymidine. The molar G+C content of S-2 is 37.5%, which is substantially lower than that of mtDNA of maize, 47% (14) .
S-2 DNA is isolated as a linear molecule with defined ends. It is terminated by exact 208-base-pair inverted repetitions (Fig.  2, underlined sequences) . These repeats are responsible for the stem-loop (panhandle) configurations observed by electron microscopy after denaturation and hybridization of S-2 DNA at low concentration (15) . The S-1, R-1, and R-2 plasmid-like DNAs are also terminated by similar repeats as judged by hybridization or heteroduplexing studies (ref. 5 Two large open reading frames were identified by computer analysis using the universal code (Fig. 3) . A 3,294-nucleotidelong unidentified reading frame ( (18, 19) and in Bacillus phages (20) (21) (22) (23) (24) ; these DNA terminal proteins are thought to play a role in DNA replication. Both of these viral DNAs initiate replication at or close to either DNA end and proceed by a mechanism of strand displacement (25) (26) (27) (28) (29) . In adenovirus and 29 it has been proposed that the protein linked to 5' termini of the linear DNA strand may serve as a primer for DNA synthesis (18, 25, (28) (29) (30) phages 29, 15 , Nf, M2Y, and GA-1 (34) (35) (36) . Alignment of the terminal nucleotides of S-2 and the five phages indicates a high degree of homology (Fig. 4) . 29 contains a six-base-pair inverted repeat sequence, A-A-A-G-T-A, which is found in the inverted repeat of S-2 beginning at the second nucleotide from the 5 35 ). Therefore, it seems unlikely that S-2 DNA would support a mechanism for initiation of synthesis that requires the formation of hairpin loops (40) .
When adenovirus DNA replicates by the strand-displacement mechanism, daughter duplex DNA and parental singlestranded molecules are generated. The parental single-stranded DNA could hybridize to the self-complementary terminal sequences to form a "panhandle"-shaped intermediate (25) . These panhandle-shaped single-stranded DNAs could initiate DNA synthesis by the same mechanism as occurs at the ends of double-stranded DNA. Because S-2 DNA contains a long terminal inverted repeat, it could form the panhandle intermediates as suggested for adenovirus DNA. Collectively, the chemical and structural similarities of S-2 termini to adenovirus and Bacillus phages strongly suggest that they may replicate their DNAs in an analogous fashion.
To determine the sequence of the termini, we have forcecloned S-2 terminal fragments, derived from Pst I digestion, into the Sma I and Pst I sites of M13mp8 and -mp9. By this procedure, clones were obtained in which the end of S-2 is bluntend ligated to the blunt end of Sma I-cut vector. It is not known if the blunt-end ligation occurred in vitro before transformation or if ligation took place after transformation inside the bacterial cell after repair. It was reported that, even after proteinase K treatment followed by phenol and chloroform extractions, the 5' termini of S-2 DNA could not be end labeled (17) . Apparently, the 3' ends are not modified and are not sterically impaired by the 5' attached protein because the 3' ends are digested with exonuclease III and are labeled with terminal transferase. This is further indicated by the fact that full-length, linear S-2 DNA has been cloned by homopolymeric tailing (41) . If termini lacking a nucleotide or so are preferentially cloned, then our terminal sequence could be incomplete. In any event,
we have consistently obtained sequences ending in the same nucleotide order. Additional studies will be needed to determine the chemical structure of the ends.
